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The application of optical pump-probe tecbniques to tbe study of 
semiconductor transport properties bas been considered recently by severa! 
autbors [1-4]. Absorption of tbe pump radiation generates an electron-bole 
plasma, wbicb thermalizes witb tbe lattice witbin a few picoseconds [5]. 
Subsequent plasma diffusion and pair recombination cause additional, 
distributed beating on a longer time scale. An optica! probe may be 
used to detect tbe tbermoelastic deformation of tbe surface [1], tbe 
variation of tbe index of refraction witbin tbe sample [2], or tbe cbange 
of surface reflectance [3,4], tbe latter two effects arising from tbe 
dependence of tbe index of refraction on botb temperature and carrier-
density variation. Tbe signal dependence on transport properties is 
determined by modeling tbe coupled tbermal/plasma generation/diffusion 
processes. One-dimensional tbeoretical analyses bave been used, and 
tbese are adequate wben (approximately) uniform illumination of tbe sample 
leads to tbermal and carrier diffusion wbich is essentially one-dimensional. 
or when, as in pbotoacoustic cell detection [6,7], tbe detection process 
effectively executes a spatial average (8]. 
In the present work we sbow that tbe use of scanned modulated reflectance 
(SMR) combines the advantage of spatial resolution[2] with the ease and sen-
sitivity of modulated reflectance detection[3]. In order to interpret our 
data we first give a three-dimensional analysis of coupled phototbermal/plasma 
generationfdiffusion in a homogeneous semiconductor[9]. The Green's function, 
or point source solution, for this problem bas not been presented previously. 
The analysis predicts, and the experimental data confirm, that the differing 
spatial variations of plasma and thermal contributions (to the SMR signal) 
allow the two contributions to be spatially resolved. One could then measure 
the respective transport properties by fitting the theoretical results to the 
experimental data. 
THEORETICAL MODEL 
The basic theoretical description of carrier generation and (bipolar) 
diffusion, and of heat generation and diffusion, has been given 
previously[6,7]. A periodically-modulated laser (having photon energy greater 
tban tbe band gap) generates electronfhole pairs, wbicb then diffuse from the 
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source region. The thermalization of this plasma with the lattice is so rapid 
(relative to the modulation period) that the energy in excess of the hand gap 
is converted to thermal energy "instantaneously" and at the point of photon 
absorption. Subsequent bulk and surface recombination produces secondary 
heating, which is delayed in time and distributed beyond the region of ab-
sorption. For the present work we calculate the reflectance modulation 
produced by the periodically-varying surface temperature and plasma density 
as a function of separation of pump and probe beams. We assume that all pa-
rameters are independent of carrier concentration and temperature (as only 
small temperature and density variations are considered); we thus neglect 
particularly the variation of the recombination lifetime with carrier density. 
The Green's functions 
We first indicate the solution for this problem with a point source. 
The point source solution is usually called a Green's function; in this coupled 
problem one has two Green's functions, one for the plasma density and one for 
the temperature. Once the point source solution is in hand, the solution for 
a general source distribution is a matter of superposition (generally inte-
gration); boundary conditions may also be included in the Green's function 
representation. 
The time-dependent diffusion equation for the plasma (electron-hole pair) 
density N(-;, t) is written: 
(1) 
where Dp is !Pe bipolar plasma diffusivity, t is the bulk recombination life-
time, and S~r,t) is a source term for electron-hole pairs. The terms on the 
right side of the equality in Eq. (1) represent changes in the plasma 
density due, respectively, to diffusion toward the point, to recombination, 
and to pair creation. If we assume a time-dependence eiwt for all 
quantities, then Eq. (1) can be written as a Helmholtz equation.: 
(2) 
where 
(3) 
The Green's function for Eq.(2), with a point source of unit power at 
ro • is the familiar form: 
e-qpR 
No - -:--:-c:--:=-
- 4r.:EoDpR 
where R = 1-;- -;0 1, and Eo is the incident photon energy that converts 
(4) 
input energy to carrier number; the time-dependence is suppressed. At low 
frequencies (wr<<l) the Green's function is purely diffusive(real qp ), and one 
can define a plasma diffusion length ~'p = (Dpr)l/2 , such that q ..... (t!'P.)-1 . At 
high frequency the Green's function has the form of a highly ~ampea, outgoing 
spherical wave, and one would define a "plasma wave" [3] diffusion length 
1" = (2Dp/w)li2 , such that in the high frequency limit qp ..... qpw = (1 + i)/1" . The p~asma wave is then directly analogous to the thermal wave solution wCich is 
a familiar part of the photothermal problem (see below). At intermediate 
frequencies qp will have unequal real and imaginary parts, and so the magnitude 
and phase spatial variation will be characterized by different "diffusion 
lengths". 
The thermal diffusion equation for the temperature T(-;,t) is written: 
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(5) 
with pC the volume heat capacity, K the thermal conductivity, and S~~.t) the 
heat source. Again assuming a harmonic time-dependence, Eq.(5) becomes 
with 
2 iw q =-D 
and D the thermal diffusivity: D = KfpC • 
(6) 
In order to write down the form of the Green's function forT we must 
first comment on the source ST. One term represents the "instantaneous" 
transfer of excess energy L\E = Eo- E to the lattice, and will then be (L\E/Eo)O(R) . The other source term wifl be Egf.N/r) , because recombination re-leases the hand gap energy to the lattice. Thus we have 
_ L\E ~ e-qpR 
ST- EQ c5(R) + Eo (Dpr)4nR 
The solution of Eq.(6), with the source of Eq.(8), may now be given: 
L\E e-qR ~ e-qpR- e-qR To=---+ 
Eo 4nKR Eo (q2 - q~XDpr)4nKR 
(8) 
(9) 
The form of this Green's function merits some discussion. The first term is the familiar thermal wave form, arising from the "instantaneous" term of 
Eq.(8). The first part of the second term would be sufficient to satisfy 
Eq.(6) with Eq.(8), but the second part of the second term must be present 
in order that the associated heat flux out of a vanishingly small sphere about ~O be zero, as it must for the recombination term. Physically, a finite re-
combination time means that a vanishingly small number of pairs recombines 
"at" the point of pair generation. 
The boundary conditions 
With the Green's function known we must consider the appropriate boundary 
conditions for the plasma density and temperature. We will assume a semi-
conducting medium (z>O) that is "semi-infinite", viz., several diffusion 
lengths thick. The plasma density is usually considered to satisfy a boundary 
condition of the form: 
aN Dp -az= sN , (10) 
with s the surface recombination velocity, and all quantities evaluated at 
z=O ( .a properly prepared surface the surface recombination velocity may 
be negligible). The thermal energy arising from. surface recombination must 
appear in the temperature boundary condition. Thus we take 
aT 
-K -= sE_N az g-· ' (11) 
again evaluating at z=O; the thermal flux to the surrounding medium is assumed 
negligible. 
The Hankel transform representation 
When surface recombination velocity or finite beam size and absorption length must be accounted for, simple forms of the solutions can not be given. 
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The axisymmetric nature of the problem suggests a Hankel transform represen-
tation, such that 
N = J~ J()(pr)pdpN{p) , 
with N the Hankel transform of N, and similarly for T. 
of the homogeneous Eqs. (2),(6) have the forms 
- - - m... z - - -m z N = Ne y , T = Te , 
where m2 = p2 + q2 .~ = p2 + q~, and the negative sign is 
in order that the solutions be well-behaved as z-+ oo . 
of No and To are 
- e-IDp Z 
No - -=--=--=;...---
- 4xEoDpiDp 
where Z = 1 z - zo 1 , and 
- aE e-mZ ~ q5 ( e-IDpZ To=---+ 
E0 4x"m Eo q2 _ q~ 4x"IDp 
-mZ) 
:ltKM ' 
(12) 
The general solutions 
(13) 
chosen in the exponent 
The Hankel transforms 
(14) 
(15) 
with qo = (!p)-1 . The coe_!fi~ient N is determined by applying the boundary 
condition of Eq.(lO) to (N+ No). Then the boundary condition of Eq. (11) is 
applied to (T + To)· The resulting temperatura has a "fast" term, arising from 
the first term of Eq.(8), and "delayed" terms, from bulk and surface recom-
bination. The "surface" values of the complete Hankel transforms, 
Ns and Ts are the limits when z-+ O [10] . 
• 
Finite beam size and absorption length 
The source is assumed to be a Gaussian laser beam (e-2 radius RG) having 
absorption coefficient a • The corresponding source density is 
2 2 S = aiwe-azoe-2r /RG • 
with a Hankel transform of 
p 2R2/8 -
-S w e-azoe-P G - s e-azo =~a = a , 
(16) 
(17) 
where Pw is the absorbed power in the first harmonic of the modulated beam, 
and Pw = Iw(xRG/2). The surface plasma density resulting from this source is 
found from the Hankel transform 
I.oo I.oc Z m....z -- --NaG = 0 dzo S Ns = 0 dz0e -a Oe- l' OaSNs = SNs a +a IDp (18) 
the result for the temperature is similar, but somewhat more complicated. 
Modulated reflectance 
It is well known that the surface reflectance of a semiconductor is af-
fected both by temperature and by plasma density. In order to calculate mod-
ulated reflectance profiles from the present model we must choose appropriate 
values for the respective coefficients of reflectance. The coefficient of 
thermal reflectance for silicon is (lfRoXoRfiiT)= + 1.5 X 10-4 re [11]. The coef-
ficient of plasma reflectance is generally calculated from a Drude model, 
giving 
1 aR R() aN=- 2 (19) 
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Fig. 1. Gontributions to modulate<.l reflectance vs pump-probe 
separation: plasma(solid), "fast" thermal(dashed), "delayed" 
thermal(dotted). Note the different horizontal scales. 
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Fig. 3. Experimental data for phase of modulated reflectance. 
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where n=3.9 is the index of refraction, e=4.8x lo-10 esu is the electronic 
charge, m* = .15mo is the effective mass in terms of the free electron 
mass[12], l is the optica! wavelength, and c is the speed of light. If the 
probe beam is from a He-Ne laser ( 633 nm), we find (lfRoX8RtaNp. -9 x 1Q-23cm3 . 
NUMERICAL AND EXPERIMENTAL RESULTS 
The model presented above has been used to calculate the thermal and plasma 
contributions to the SMR signal for silicon, assumin~ nominal values for the 
transport properties: K = 142 W /mK, pC = 1. 64 x 1Q6Jfm K, DP = 20cm2ts, t = lOJ.lS, 
s = lOOcmfs. The pump beam is assumed to have wavelength 647 nm, with 
P w = 100 mW. The "effective" pump radius of 12. SJ.lm allows for the averaging 
of the reflectance over the probe beam spot (radius ~), with R~ = RG + R2 . 
Numerica! Hankel inversion of the complete transforms was employed. ~e re-
sults are very similar to the Green's functions, except within the pump beam 
spot, where spatial averaging of the Green's functions eliminates the 
singularity at the source point. 
The calculated thermal and plasma contributions to the modulated re-
flectance are illustrated in Fig. 1. The "fast" thermal term, arising from 
the first term of Eq. (8), is separated from the "delayed" term (from recom-
bination); the latter is relatively small for the parameters used here. At 
1 kHz the thermal reflectance dominates the plasma term over the entire spa-
tial region. At 100 kHz the plasma term becomes larger for larger pump-probe 
separation, because of its larger diffusion length. At 10 MHz the plasma 
term is larger over the entire region. Thus, depending on the frequency, the 
measured reflectance may exhibit the simple behavior of a single term or a 
more complex superposition. The resulting phase is shown in Fig. 2. At 100 
kHz one sees that the slope changes from the thermal value to the plasma 
value as the separation increases. We emphasize that the relative importance 
of "fast" and "delayed" thermal terms may be changed by using a different 
pump wavelength (i.e., by changing the ratio ~E/Eo). And the relative 
importance of thermal and piasma terms may be changed by using a different 
probe wavelength (i.e., by changing the coefficient of plasma reflectance). 
Experimental data on the phase of the SMR signal are shown in Fig. 3, 
which should be compared to Fig. 2 (note that the phase data are normalized 
to zero at zero separation, while the calculated values are not.) . At the 
lower frequency the thermal reflectance dominates over the full region shown, 
as in the top curve of Fig. 2. At 200 kHz (intermediate in the sense of Fig. 
2) the slope changes at about 50 Jlm, the plasma reflectance dominating at 
larger separations. In both cases the slope of the phase variation at larger 
separations is consistent with the expected value. 
It was pointed out above that the spatial variation of the magnitude and 
phase of the plasma density, at intermediate frequencies, will be governed 
by different "diffusion lengths". One can then imagine determining both 
Dp and r by fitting the plasma tails of the magnitude and phase data. 
CONCLUSION 
We have shown that thermal and plasma contributions to modulated 
reflectance may be spatially resolved, so that scanned modulated reflectance 
may be used to determine transport properties of both types. Further work 
will explore the application of this technique including the possibility of 
a more complete analysis of dopant profiling than is possible without spatial 
resolution. 
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